We measure the Balmer decrements of 23 of the brightest planetary nebulae (PNe) in the inner bulge (r 3 ) of M31 and de-redden the bright end of the region's [O III] λ5007 planetary nebula luminosity function. We show that the most luminous PNe produce 1,200 L of power in their [O III] λ5007 line, implying central star luminosities of at least ∼ 11,000 L . Even with the most recent acceleratedevolution post-AGB models, such luminosities require central star masses in excess of 0.66 M , and main sequence progenitors of at least ∼ 2.5 M . Since M31's bulge has very few intermediate-age stars, we conclude that conventional single-star evolution cannot be responsible for these extremely luminous objects. We also present the circumstellar extinctions for the region's bright PNe and demonstrate that the distribution is similar to that found for PNe in the Large Magellanic Cloud, with a median value of A 5007 = 0.71. Finally, we compare our results to extinction measurements made for PNe in the E6 elliptical NGC 4697 and the interacting lenticular NGC 5128. We show that such extinctions are not unusual, and that the existence of very high-mass PN central stars is a general feature of old stellar populations. Our results suggest that single-star population synthesis models significantly underestimate the maximum luminosities and total integrated light of AGB stars.
INTRODUCTION
Since the 1980's, the [O III] λ5007 planetary nebula luminosity function (PNLF) has served as a reliable standard candle for determining galactic distances out to ∼ 20 Mpc (beyond which the required exposure times become unreasonable, even for large ground-based telescopes). Jacoby (1980) found that the faint end of the [O III] λ5007 PNLF could be well-modeled by the exponential function expected from slowly evolving central stars embedded in rapidly expanding, optically thin nebulae (Henize & Westerlund 1963 ). Though we seem to understand some features of the PNLF, the detailed nature of its bright-end cutoff remains a mystery. Ciardullo et al. (1989a) first suggested a cutoff exponential to model the bright end of the PNLF in Local Group galaxies: where N is the number of planetary nebulae (PNe), m * is the [O III] λ5007 apparent magnitude that defines the function's bright-end cutoff, and m, the observed [O III] λ5007 magnitude of each PN, is related to monochromatic flux (in erg s −1 cm −2 ) by m 5007 = −2.5 log F 5007 − 13.74. Ciardullo et al. (1989a) first estimated M * , the [O III] λ5007 absolute magnitude of the brightest possible PN, by using 104 objects in M31 and adopting the Cepheid distance to the galaxy. Since then, the foreground extinction in the direction of M31 has been more accurately measured, and the results from other galaxies have been included. The current estimated value of the PNLF cutoff is M * = −4.54 ± 0.05 (Ciardullo 2013) . Recent surveys have shown that the faint end of the PNLF can vary considerably, depending on the details of the stellar population (e.g., Jacoby & De Marco 2002; Longobardi et al. 2015; Hartke et al. 2018) . However, aside from the well-known fading of M * in lowmetallicity populations (e.g., Ciardullo et al. 2002; Hernández-Martínez & Peña 2009; Schönberner et al. 2010) , the PNLF cutoff has proven to be remarkably consistent across a very wide range of galaxy types and stellar populations, including spiral disks and bulges (e.g., Feldmeier et al. 1997; Ciardullo et al. 2002) , elliptical and cD galaxies (e.g., Ciardullo et al. 1989b; Jacoby et al. 1990 ), irregular and interacting systems (e.g., Hui et al. 1993; McMillan et al. 1993; Johnson et al. 2009 ), and even intracluster space (Longobardi et al. 2015) . A summary of the history of the PNLF is given in Ciardullo (2013) , and a more comprehensive review can be found in Jacoby et al. (1992) .
One major drawback of the PNLF is that, although the method has proven reliable, there is no theoretical framework which explains why it should work in such a diverse set of populations. In fact, there are good reasons to believe that the method should not work. As shown by a number of authors, and most recently by Ciardullo (2013) , the [O III] λ5007 magnitude of the PNLF cutoff should be very sensitive to population age, so one would not expect M * to be a reliable standard candle. The argument is as follows:
As a stellar population ages, its main sequence turnoff mass decreases, and, through the initial-final mass relation (e.g., Kalirai et al. 2008; Casewell et al. 2015) , so do the post-asymptotic giant branch (post-AGB) central stars that it produces. Since the luminosities of these central stars depend very sensitively on their mass (Paczyński 1970; Vassiliadis & Wood 1994) , the luminosities of their surrounding nebulae should fade dramatically with age (e.g., Marigo et al. 2004) . Based on the multitude of tests performed on the method, this fading clearly does not occur.
A related, and even more puzzling issue comes from the observed absolute magnitude of M * . A value of M * ≈ −4.5 implies that PNe near the PNLF cutoff emit ∼ 600 L in their [O III] λ5007 emission line. Since, at most, ∼ 11% of the emission of a PN's central star can be reprocessed into [O III] λ5007 radiation (Dopita et al. 1992; Schönberner et al. 2010; Gesicki et al. 2018) , this means that the central stars of M * PNe must have luminosities in excess of ∼ 5,500 L . According to models of post-AGB evolution, such luminosities can only be produced by high-mass ( 0.60 M ) central stars (Vassiliadis & Wood 1994; Blöcker 1995) , and this implies relatively high-mass ( 1.9 M ) progenitors (e.g., Kalirai et al. 2008; Casewell et al. 2015) . These early F stars, which have main sequence lifetimes of only ∼ 1.5 Gyr, should not be present in old stellar populations (Trager et al. 2000; Jeong et al. 2012) .
Recently, Miller Bertolami (2016) published a new set of accelerated-evolution post-AGB models that allow 0.57 M PN central stars to achieve luminosities of ∼ 5,500 L , i.e., the same as those reached by 0.60 M central stars in previous post-AGB models. Moreover, the stellar luminosities derived from these new models have a weaker dependence on central star mass than previous calculations, suggesting that M * may not depend as much on population age. This is a major step forward toward understanding the PNLF. Unfortunately, these models, like the previous generation of calculations, have one important limitation.
As AGB stars evolve, they lose mass from their outer envelopes at rates as high as 10 −4 M yr −1 (e.g., Knapp & Morris 1985; Winters et al. 2000) . The ejected gas and dust enshroud the core, until eventually the star becomes hot enough to ionize much of this surrounding material, creating a PN. Unless all of the dust ejected from the AGB progenitor is radiatively destroyed, this material will serve to attenuate some fraction of the PN's radiation, thereby causing observers to underestimate the true luminosity of the [O III] λ5007 emission line. Moreover, because higher-mass AGB stars eject a greater amount of material during their evolution, and because their more rapid evolution gives the dust less time to disperse, it is reasonable to expect that PNe from higher-mass progenitors will suffer more circumstellar extinction.
The new accelerated-evolution models imply that M * PNe can be produced by progenitors with masses as small as ∼ 1.5 M . This is already a problem for old stellar populations, since 1.5 M stars have main sequence lifetimes of less than 3 Gyr (see, for example, Buzzoni 2002 , and references therein). However, if circumstellar extinction is important, then this minimum stellar mass must be increased, and, if the extinction is large enough, the [O III] λ5007 luminosities may completely rule out accelerated evolution as an explanation for the PNLF cutoff.
Here we address this possibility by measuring the Balmer decrements of 23 of the brightest PNe in the inner bulge (r < 3 ) of M31, including seven within 75 of the nucleus, where the light from the classical bulge dominates. We use these data to determine the true minimum [O III] λ5007 luminosities generated by the M * PNe and use the Miller Bertolami (2016) models to estimate their minimum central star masses.
In Section 2, we discuss details related to our observations and the instrument used to acquire our data. In Section 3, we describe our reduction and analysis techniques, and in Section 4, we give the circumstellar extinctions and de-reddened magnitudes of the PNe. Finally, we discuss the implications of our observations on current models of stellar evolution.
OBSERVATIONS
The goal of our experiment is to determine the circumstellar extinctions surrounding the [O III]-bright PNe of an unambiguously old stellar population, and to measure the objects' true (de-reddened) [O III] λ5007 magnitudes. The best place to do this is in the inner bulge of M31, which is nearby (780 kpc; Conn et al. 2016) , relatively unaffected by foreground reddening (A V ≈ 0.24; Conn et al. 2016) , and almost devoid of intermediate-age stars (Dong et al. 2015) . Moreover, since the region contains ∼ 10 10 L of starlight, it has a significant PN population, with more than two dozen objects within 1 mag of M * (Ciardullo et al. 1989a (Ciardullo et al. , 2002 .
We observe 23 of the region's brightest PNe with the blue feed of the new integral-field unit (IFU) lowresolution spectrograph (LRS2-B) on the Hobby-Eberly Telescope (HET). This double-armed instrument surveys a 12 × 6 area on the sky using an array of 280 lenslet-coupled fibers, and delivers a scale of 0. 59 per fiber. LRS2-B simultaneously observes the spectral range from 3700Å to 7000Å with two arms. For this study, we use only the data from the "Orange Arm", which produces spectra with a resolution of R ∼ 1100 between the wavelengths 4600Å and 7000Å. We note that because LRS2-B has lenslets, there is no dead space between the fibers, hence many of the problems associated with faintobject spectrophotometry-such as atmospheric dispersion, slit losses, and lack of data acquisition due to im- precise astrometry-are mitigated. The details and specifications of LRS2 are discussed in more depth in Chonis et al. (2016) .
We concentrate our observations on the inner 3 of M31's bulge, and observe 23 of the region's brightest 25 PNe. Table 1 gives a log of these observations, including the original IDs of the PNe (Ciardullo et al. 1989a) , their IDs from the Sitelle observations of Martin et al. (2018) , their J2000 coordinates, the total exposure times (with each observation split in two to facilitate the removal of cosmic rays), and the net image quality for the observation. The locations of these PNe, along those of other PN in the top 1 mag of the PNLF which we did not observe, are shown schematically in Figure 1 .
DATA REDUCTION
Our data are initially reduced with the LRS2 QuickLook Pipeline (QLP; Indahl, B.L., in preparation), an IFU data reduction package specifically designed for the LRS2 spectrographs. This pipeline automatically finds the correct set of calibration data for each HET observation, re-samples the data both spectrally and spatially, and produces a fully calibrated data cube, which, for the LRS2-B's Orange Arm, is 42 × 24 pixels in the spatial directions, and 2,000 pixels in the wavelength direction. A brief description of this code is presented in the Appendix.
The data cube produced by an observation can be thought of as containing 2,000 unique 2D images, each centered on a different wavelength. For each PN in our sample, we identify the 2D image that contains the peak of the [O III] λ5007 line (which depends on the object's Doppler velocity), and use that image to define a circular extraction aperture that is roughly the full width at half maximum (FWHM) of the frame's point spread function (PSF). We then integrate all of the pixels within this aperture, and repeat the procedure in the remaining images. We note that, due to the effects of atmospheric dispersion, the location of the PSF's central peak is not fixed, but instead moves slowly across the image as a function of wavelength. This drift is accounted for and followed by our software. The result is a full 1D spectrum of the targeted PN. An example of such a spectrum is given in Figure 2 . Note that at M31's distance, PNe should have angular sizes that are at least 30 times smaller than that of the typical HET seeing. Thus, issues such as ionization stratification and excitation gradients within the PNe are absolutely no issue for these observations.
The final step in our data reduction is that of flux calibration. To do this, we simply scale the spectrum of each PN to that of a spectrophotometric standard star (Stone 1977; Oke & Gunn 1983 ) taken on the same night. Because the HET is a fixed-altitude telescope, no airmass corrections are necessary. However, the effective aperture of the telescope may change as objects are tracked across (and sometimes off) the primary's 91 mirror segments. We correct for this effect with a grey term representing the fraction of the HET's primary used during the exposure. Of course, since this study is only concerned with measuring the strength of the Hβ emission line relative to Hα, this effective aperture term plays no role in our analysis. Figure 3 normalizes each of our throughput curves at Hα and shows how the sensitivity of the LRS2-B's Orange Arm changes with wavelength. For completeness, Figure 4 gives the absolute throughput curves (corrected for telescope effective aperture), which represent data from 12 different nights. While not all of our data are taken under photometric conditions, the curves show that the throughput at Hβ relative to Hα remains constant to within ∼ 3%.
M31 Background Subtraction
For most LRS2-B observations, background subtraction can be performed using subtractsky, a routine called by the QLP pipeline. However, because our M31 bulge PNe are projected upon a bright, rapidly varying background, the blind use of such automated software can be problematic. Moreover, M31's bulge is known to contain a significant amount of diffuse emission-line gas, whose morphological and kinematic properties are quite complex (Jacoby et al. 1985; Ciardullo et al. 1988; Melchior & Combes 2011; Opitsch et al. 2018) . The removal of this component from PN spectra can be difficult (or impossible) for single-fiber and long-slit spectrographs. Fortunately, the 2D spatial information provided by the LRS2-B's IFU allows us to address this problem directly.
To properly subtract the diffuse Balmer emission superposed on our objects, we must first obtain an independent estimate of the observation's PSF at Hα and Hβ. Because the 12 × 6 field of view of our IFU is generally not large enough to contain a bright field star, this is typically done using the observation of the night's spectrophotometric standard. (This can create a problem if the seeing is highly variable over the night. Fortunately, this is not the case during our observations.) We then Note.
-Log of observations of bright PNe in the bulge of M31. The first 23 objects listed are the subject of this study, while the last four are observed for external comparison with Jacoby & Ciardullo (1999) . iteratively scale the PSF until it matches the intensity profile of the PN in question. Once the proper scaling is found, we subtract the model from the data to obtain an image of the PN's underlying diffuse background. If this background contains discontinuities or otherwise appears unphysical, the process is repeated. Convergence is achieved when the background appears smooth; the model then represents the integrated line flux from the PN. Figure 5 illustrates our procedure.
In the end, only one of our objects (PN 1) requires this full-modeling background removal method. However, the 2D data provided by the IFU is essential for identifying these problem objects. Consequently, we reduce all of the PNe measurements both with and without the QLP pipeline's subtractsky algorithm. A comparison of the results shows that those PNe superposed on locations with bright emission-line gas display Balmer lines with both narrow and broad components. If the broad components-which tend to be more prominent in Hα than in Hβ-are removed, then the Balmer flux ra- tios derived using subtractsky agree to within ∼ 10% with those computed using the full background modeling method. This is within the margin of error of our measurements, which gives us some confidence that our Balmer-line flux ratios are robust, even in the presence of a diffuse, irregular background. Any broad Balmer emission present in our spectra is therefore removed from our data before measurement.
RESULTS
4.1. Reddening Measurements From case B recombination theory, we expect PNe with electron temperatures of T e = 10 4 K and electron densities of n e = 100 cm −3 to have Balmer line ratios of I(Hα)/I(Hβ) = 2.86 (Brocklehurst 1971; Osterbrock & Ferland 2006) . At the extremes, this ratio can range from 2.74 (T = 20,000 K; n e = 10 4 cm −3 ) to 3.04 (T = 5,000 K; n e = 100 cm −3 ), with the ratio being much more sensitive to temperature than density. In practice, the electron temperatures for M31 bulge PNe only range from ∼ 8, 500 K to ∼ 16, 500 K (Jacoby & Ciardullo 1999; Richer et al. 1999) , which implies I(Hα)/I(Hβ) ratios between 2.78 and 2.90. Here we adopt 2.86 as the intrinsic ratio between these Balmer lines: any value higher than this is assumed to be caused by interstellar (and more importantly, circumstellar) extinction.
To measure the extinction at 5007Å, we adopt the Cardelli et al. (1989) attenuation law with R V = 3.1 and compute
where f (λ) = A λ /E(B−V ) are the extinction coefficients (in magnitudes) derived from the relation. For reference, f (Hβ) = 3.61, f (Hα) = 2.53, and f (λ5007) = 3.47. Table 2 gives the derived circumstellar extinctions for our PNe, assuming foreground dust in the Milky Way is responsible for A V = 0.24 of attenuation (Conn et al. 2016) . Both the measured Balmer ratios and the derived logarithmic extinction at Hβ, c Hβ , are present, along with the PN's isophotal radius, as computed from the surface photometry of Kent (1983) .
To examine the precision of our Hα to Hβ line ratios, we use the observations of Jacoby & Ciardullo (1999) , who measured Balmer decrements for 12 of M31's bulge PNe via long-slit spectroscopy. Since only two of the objects from this dataset, PN 1 and PN 29, are part of our sample of bright PNe, we supplement our data by observing four fainter PNe explicitly for the purpose of an external comparison. As Figure 6 illustrates, our c(Hβ) measurements are in close agreement with those of Jacoby & Ciardullo (1999) . The standard deviation between the two sets of measurements is σ ext = 0.089; for comparison, if we assume that our major sources of uncertainty come from setting the PN continua (see Figure 7 ) and the scatter in instrument's response function (Figure 3) , then the internal error in our measurements is σ int = 0.106. As Table 3 illustrates, other sources of error are minor in comparison. Thus, within the known observational errors, the two sets of data appear consistent.
Distribution of Circumstellar Extinctions
The bottom panel of Figure 8 displays the distribution of circumstellar extinctions surrounding the bright PNe in the bulge of M31. As the figure illustrates, the selfattenuation associated with these PNe is substantial. In the median, the observed [O III] λ5007 magnitudes are affected by A 5007 = 0.71 mag. There is a strong correlation between intrinsic [O III] λ5007 magnitude and attenuation, but this is likely a selection effect: because the PNe in our sample are all drawn from the brightest ∼ 1 mag of the observed PNLF, the intrinsically brightest PNe will generally be the objects with the largest reddening correction. As a rule, the objects that define the bulge's PNLF cutoff are roughly twice as bright as they appear.
To compare our results with those of other PN samples, we begin with dataset of Reid & Parker (2010) , who have measured hundreds of reddenings and absolute magnitudes in the star-forming population of the Large Magellanic Cloud (LMC). Despite having a mean metal- Note. -M31 bulge PN circumstellar extinctions assuming a foreground Milky Way component of A V = 0.24 (Conn et al. 2016) . The six brightest de-reddened [O III] λ5007 magnitudes are shown in bold. The first 23 objects listed are the subject of this study, while the last four are observed for external comparison with Jacoby & Ciardullo (1999) . a PNe numbered as in Ciardullo et al. (1989a) . Ciardullo et al.(1989a Ciardullo et al.( , 2002 . c De-reddened [O III] λ5007 magnitude. d Observed Balmer flux ratio. e Circumstellar logarithmic extinction at Hβ (after removing foreground extinction). f Isophotal distance from the center of M31 (in arcmin). Computed from surface photometry of Kent (1983) .
licity significantly less than that of M31's bulge (Richer 1993; Jacoby & Ciardullo 1999) , the PNe of the LMC display a similar distribution of circumstellar extinctions, with a peak near A 5007 ≈ 0.6 mag, and a median value of A 5007 = 0.71. If we restrict the sample to only those PNe within the brightest 2 mag of the de-reddened PNLF, the median extinction decreases somewhat to A 5007 = 0.64, Figure 3) . b Based on the uncertainty in our measurement of the continuum underlying the emission lines (see Figure 7) . and it is this distribution that is plotted in the top panel of Figure 8 . Both these distributions are consistent with the mean value of A 5007 ≈ 0.7 obtained by Herrmann & Ciardullo (2009) from the co-added spectra of hundreds of bright PNe in the disks of nearby spirals.
For an older, intermediate-age population, we can examine the Balmer ratios of PNe in the interacting lenticular galaxy NGC 5128. At a PNLF distance of ∼ 3.4 Mpc (Ciardullo et al. 2002) , the system is our nearest large, early-type galaxy. Although its envelope has a color more akin to the interarm region of a spiral galaxy, rather than a true elliptical (Dufour et al. 1979 ), the galaxy's color- magnitude diagram (Rejkuba et al. 2011 ) and the faintend behavior of its PNLF (Ciardullo 2010) both suggest an old stellar population that is quite different from that of the LMC. Walsh et al. (2012) performed spectrophotometry on more than 50 of the galaxy's bright PNe (within ∼ 2 mag of M * ), obtaining reliable reddenings for 44 of the objects. Although some of the PNe may be affected by the galaxy's own (very patchy) internal reddening, we see that, once the foreground Milky Way extinction of A V = 0.315 (Schlafly & Finkbeiner 2011 ) is removed, the overall extinction distribution is again similar to that seen in M31. The sample's median attenuation is A 5007 = 0.89.
Unfortunately, it is difficult to measure PN extinctions in a true elliptical galaxy since the nearest of these systems is ∼ 10 Mpc away. Nevertheless, by combining Keck and VLT data, Méndez et al. (2005) were able to obtain spectrophotometry for 14 PNe in the normal E6 elliptical NGC 4697 (D PNLF ≈ 9.5 Mpc; Ciardullo et al. 2002) . This is a very small sample, and any attempt at quantitative analysis will likely be compromised by strong selection effects. Nevertheless, when the Milky Way's foreground extinction of A V = 0.081 (Schlafly & Finkbeiner 2011 ) is removed, the distribution of circumstellar extinctions has a median value of A 5007 = 0.29. A list summarizing the distribution of PN circumstellar extinctions in each of these galaxies is given in Table 4 .
As Figure 8 illustrates, the bright bulge PNe of M31 have circumstellar extinctions that are, on average, larger than those associated with the PNe of NGC 4697 and the LMC, but smaller than those found in NGC 5128. Since the metallicity of these bulge objects likely falls between that of the LMC (Sarajedini & Jablonka 2005; Choudhury et al. 2016 ) and NGC 5128 (Rejkuba et al. 2011) , this result seems to agree with that of Stanghellini et al. (2012) , who suggest higher metallicity populations tend to produce dustier PNe. However, a larger sample of objects is needed to confirm this trend.
The De-reddened PNLF
The reddening distributions shown in Figure 8 demonstrate that the amount of [O III] λ5007 emission produced by an M * planetary is significantly larger than ∼ 600 L . In fact, as illustrated in Figure 9 , the [O III] λ5007 luminosities of the 23 bright PNe in M31's bulge can be up to ∼ 1 mag more luminous than the canonical value of M * . If we assume that [O III] λ5007 is produced with a maximum efficiency of 11% (Dopita et al. 1992; Schönberner et al. 2010; Gesicki et al. 2018) , then the central stars of these objects must be brighter than 11,000 L . Even if we adopt the new, accelerated-evolution post-AGB models of Miller Bertolami (2016) if the initial-final mass relation holds true, their progenitors must have had masses 2.5 M (Kalirai et al. 2008; Casewell et al. 2015) . Such intermediate-mass stars have lifetimes less than 1 Gyr! These minimum central star masses and progenitor lifetimes are shown in Figures 10  and 11 . Do such stars exist in the bulge of M31? Dong et al. (2015) found that intermediate-age stars likely represent ∼ 1% of the total stellar mass in the galaxy's inner bulge (r < 3 ). To test whether such a small component can account for the high-mass PN central stars that we observe, we can estimate the number of PNe we might expect to observe in such a population. The bolometric luminosityspecific stellar evolutionary flux for PN-forming stellar populations is roughly b = 2 × 10 −11 yr −1 L −1 , indepen- Kalirai et al. (2008) . Stars with such short main sequence lifetimes are not expected to be found in old populations. dent of age, metallicity, and initial mass function (Renzini & Buzzoni 1986 ). If we integrate the total amount of optical stellar luminosity contained within M31's central 3 (de Vaucouleurs 1958; Kent 1983) , apply a bolometric correction of −0.85 (Buzzoni et al. 2006) , and assume that ∼ 1% of this light comes from intermediatemass stars, then the total bolometric luminosity of the intermediate-age stars in the bulge of M31 is L ≈ 10 8 L . Finally, Gesicki et al. (2018) 
estimate that [O III]-bright
PNe can spend at most t ≈ 10 3 yr at luminosities brighter than M * . Thus, we would expect no more than b tL ≈ 2 PNe as bright as M * to arise from the inner bulge's intermediate-age population. We observe more than 10 of these very bright PNe within the inner bulge. While the Dong et al. (2015) estimate of the intermediate-age population may be uncertain by up to a factor of two, in no way can it produce the observed population of [O III]-bright PNe.
Alternatively, since the Dong et al. (2015) result is less robust at galactocentric distances greater than 100 (due to missing data in the F390M, F547M and F665N bands), we could assume that their estimate of ∼ 1% for the intermediate age population only refers to M31's inner bulge, and that the region outside ∼ 0.4 kpc has a different stellar population. Indeed, Blaña Díaz et al. (2017) have developed a model in which the light from M31's compact classical bulge gives way to a more extended, box/peanut component, whose contribution only becomes significant at distances greater than ∼ 2 . However, this dynamical decomposition still cannot explain our PN observations. First, as Figure 12 the region's red color (B − R ∼ 1.6; Tempel et al. 2010) , implies a population that is predominantly old: when interpreted using an exponentially declining star formation rate history, the best-fit value for the e-folding rate is only τ ∼ 2 Gyr (Meidt et al. 2014) . In other words, the percentage of intermediate age stars associated with the component should be similar to that estimated by Dong et al. (2015) , i.e., < 2%, and the region should contain much less than one PN from an intermediate age progenitor. However, we observe eight PNe brighter than M * at distances between 75 and 180 . The similarity between the population of M31's classical bulge and box/peanut component is also apparent from the region's PN population: as Figure 12 illustrates, high-mass PN central stars are not associated with any single dynamical component, but are distributed throughout the inner regions of the galaxy.
These arguments demonstrate the difficulty associated with explaining the PNLF's bright-end cutoff using conventional single-star stellar evolution. Hydrogen fusion generates ∼ 6×10 18 erg g −1 . Accelerated-evolution models, such as those by Gesicki et al. (2018) may generate higher-luminosity post-AGB central stars by burning the hydrogen faster, but they also reduce the stars' evolutionary timescales. In other words, the parameter space available for PNLF models is defined not only by the absolute luminosity of these objects, but the number of objects as well. It is extremely difficult, if not impossible, for single-star evolution in old stellar populations to satisfy both constraints.
The de-reddened absolute magnitudes in NGC 4697 and NGC 5128 demonstrate that M31's bulge is not unique. Both of these systems also contain extremely luminous PNe, with maximum absolute magnitudes of −5.6 and −5.7, respectively. If we again assume a maximum efficiency of stellar luminosity to [O III] sepe, these objects should not be present in old, red populations.
We note that any underestimate of the distances to these galaxies will lead to an underestimate of the absolute magnitudes-and thus the central star masses-of these brightest PNe. So, if the suggestion of Ferrarese et al. (2000) is correct, and PNLF distances beyond ∼ 10 Mpc are underestimated by up to ∼ 0.2 mag, then the de-reddened absolute magnitude of the brightest PN in NGC 4697 could be as bright as −5.9. This would imply the existence of central stars with masses of at least 0.79 M . Figure 13 compares the circumstellar extinctions and de-reddened absolute magnitudes of the brightest PNe in the LMC (D ≈ 50 kpc; Pejcha & Kochanek 2012) , NGC 4697, NGC 5128, and the bulge of M31. Again, each of these samples consists of PNe within the brightest 2 mag of the de-reddened PNLF (which corresponds to the brightest ∼ 1 mag of the observed PNLF). Since all of the PNe in a given sample come from a relatively narrow range in apparent magnitude, it is natural to expect that the objects with the most circumstellar extinction would have the brightest absolute magnitudes. Hence, it is possible that selection effects are responsible for the observed trends. However, independent of selection effects, the range of de-reddened absolute magnitudes implies that conventional single-star evolution would require a wide range of ages for the progenitors of these objects (as shown in Figure 11 ) that supposedly derive from older, nearly singular-age populations. This is fundamental to the elliptical galaxy PNLF conundrum, and is the key issue that must be addressed by any model which attempts to explain the PNLF. Figure 14 displays the de-reddened bright end of the PNLF in M31's bulge. Interestingly, the shape of the function shows no evidence of an exponential cutoff, but instead appears to be consistent with a simple powerlaw distribution. This is possibly due to the fact that only the brightest PNe in the PNLF are de-reddened; if the entire PNLF were to be de-reddened, the bright end might take on a different shape. If there exists some wellbehaved distribution of extinctions, as suggested by Reid & Parker (2010) , a convolution of this distribution with that of a model de-reddened PNLF should reproduce the observed PNLF that has been observed in many galaxies. We reserve this modeling for a future study.
Nevertheless, it is interesting that the populations considered in this study have large numbers of PNe with luminosities significantly brighter than M * . The utility of the PNLF as an extragalactic standard candle rests on the fact that M * is relatively constant across a very wide range of stellar populations. Figure 13 suggests that this may be due to the systematics of circumstellar extinction, rather than on any property of the PN central stars or the physics of their nebulae. To test this hypothesis, we would need more reddening measurements for a larger set of statistically complete PN samples.
DISCUSSION
One possible mechanism for creating high-mass PN central stars in early-type systems is binary star evolution. Ciardullo et al. (2005) have argued that conservative mass transfer on the main sequence could produce a blue straggler population with the properties necessary to explain M * PNe. In their scenario, pairs of ∼ 1 M stars could be driven to coalescence via the Kozai (1962) mechanism or magnetic braking, and thereby produce a continuous stream of ∼ 2 M stars, which could then evolve into ∼ 0.6 M PN central stars. The lower requisite masses inferred from the Miller Bertolami (2016) models assist in this regard. However, our new results show that in M31's bulge, ∼ 0.66 M central stars are needed to explain M * PNe, and these objects are generally considered to require ∼ 2.5 M progenitors (e.g., Kalirai et al. 2008) .
Can binary evolution produce the extremely luminous PNe seen in old stellar populations? Based on their luminosity-specific number density and estimated lifetimes, Ciardullo et al. (2005) suggested that blue straggler stars might be responsible for producing [O III]-bright PNe seen in elliptical galaxies and M31's bulge. However, the de-reddened luminosities of the M31 bulge PNe present a problem for this scenario: even if two equal-mass ∼ 1.2 M main sequence stars were to merge (with no mass lost in the interaction), the product would likely still have too low a mass to produce the requisite ∼ 0.66 M core. Given that the lifetime of a 1.2 M star (∼ 4 Gyr) is already straining models for elliptical galaxy stellar populations, it would seem that this simplest of merger scenarios may not be the solution.
Alternatively, one could try to produce super-M * PNe via a binary interaction on the red giant branch (RGB) or AGB. But even here there are problems. Since lowmass single stars cannot build helium cores more massive than ∼ 0.48 M , (Buzzoni et al. 1983) , any theory which seeks to create a high-mass PN central star via mass transfer on the RGB must be one which produces a merged remnant, rather than a close binary system. Mass transfer on the AGB has the same problem: it is much easier to build a high-mass PN central star if the common envelope process leads to the creation of a single core, rather than two separate stars. Unfortunately, until our understanding of this phase of binary stellar evolution improves (e.g., Taam & Ricker 2010; Ivanova et al. 2013) , the question of which of these scenarios can produce super-M * PNe will remain open. Given the extremely high masses of our M31 bulge objects, it is reasonable to ask whether these bright [O III] sources are planetary nebulae at all. Clearly, their excitation is much larger than that expected from H II regions (Shaver et al. 1983; Kniazev et al. 2005; Peña et al. 2007) or supernova remnants (Davis et al. 2018 ), but direct evidence for their evolutionary status is lacking. Soker (2006) has offered the theory that the brightest [O III] sources in early-type galaxies are actually symbiotic stars powered by the accretion of matter onto white dwarfs. While difficult to rule out, such a model does not answer the question of why the properties of these brightest [O III] sources are so similar to those of normal PNe, nor address the question of the relatively high number of objects seen per unit galaxy luminosity.
We note that the luminosity of M * PNe in old stellar populations is a puzzle that affects more than just the field of post-AGB evolution. Luminous (M * ) PNe are rare, in part because they spend so little time (t < 1 kyr) in this phase. However, immediately prior to their evolution blueward in the HR diagram, these PNe were thermally pulsing stars at the tip of the asymptotic giant branch. These TP-AGB stars can dominate the infrared light of a stellar population, and an understanding of their numbers and evolution is critical for topics such as galaxy population synthesis (e.g., Maraston et al. 2006; Conroy et al. 2009) , and the calibration of the Surface Brightness Fluctuation method (i.e., Liu et al. 2000; Blakeslee et al. 2001; Conroy & Gunn 2010) . If stellar evolution models are failing to predict the existence of tens of extremely luminous PNe, then, from the relative lifetimes of the objects, they must also be missing the contribution of thousands of extremely luminous TP-AGB stars (Girardi & Marigo 2007; Gesicki et al. 2018) . Such an error can lead to an incorrect estimate of a galaxy's stellar mass, star formation rate history, chemical history, and even its initial mass function (e.g., Conroy & van Dokkum 2012; Conroy et al. 2014) . Thus, the issue is one of the more important questions in astronomy.
CONCLUSIONS
In this study, we have investigated the effects of circumstellar extinction on PNe in order to derive the true, de-reddened PNLF of an old stellar population. Our main results and conclusions can be summarized as follows:
1. The de-reddened PNLF of M31's inner bulge (r < 3 ) features PNe that are up to ∼ 1 mag brighter than the observed PNLF cutoff magnitude, M * , indicating central stars with luminosities 11,000 L and masses 0.66 M .
2. If the initial-final mass relation (e.g., Kalirai et al. 2008 ) holds, such objects must be formed from progenitors with masses 2.5 M and evolutionary timescales of less than 1 Gyr. While M31's inner bulge may contain some intermediate-mass stars, this population is not nearly substantial enough to explain the large number of M * PNe present in the region.
3. The de-reddened PN luminosities observed in the bulge of M31 are consistent with those measured in the early-type galaxies NGC 4697 (Hubble type E6) and NGC 5128 (interacting S0p). In these galaxies, central star masses can exceed 0.72 M , implying progenitor masses 3 M with main sequence lifetimes 700 Myr.
4. Evolutionary models for post-AGB single stars cannot explain the high luminosities of the brightest PNe found in old stellar populations, such as that found in M31's bulge. This discrepancy implies that single-star population synthesis models must be underestimating the maximum luminosities and total integrated starlight associated with the AGB stars of old stellar systems.
5. Binary evolution may offers a solution for the problem of super-M * planetaries, but the simplest scenario, that of mass transfer on the main sequence and the creation of blue straggler stars, is problematic. Common envelope evolution may work, but only if the interaction leads to the creation of a single star, rather than a close binary system.
6. An explanation remains elusive for the uniformity across stellar populations of M * , the observed bright-end cutoff magnitude of the PNLF.
APPENDIX

QLP
The LRS2 Quick-Look Pipeline (QLP; Indahl, B.L., in preparation) is an IFU data reduction package specifically designed for the LRS2 spectrographs of the Hobby-Eberly Telescope. QLP finds the correct set of calibration data for each HET observation and uses these frames to produce 1D sky-subtracted spectra. Each spectrograph arm and night is reduced independently, since the calibration data for each is different. At its core, QLP is a Python wrapper which finds and organizes the data through the various steps of the reduction, while calling other routines to perform the reduction tasks.
At their most basic level, LRS2 data reductions are accomplished with Cure, a software package written in C++, and developed for the Visible Integral-field Replicable Unit Spectrograph (VIRUS; Hill et al. 2016 ) of the Hobby-Eberly Telescope Dark Energy Experiment (HETDEX; Hill et al. 2008) . Cure contains individual tools to perform reduction steps, but is not in itself a reduction pipeline. Instead, QLP calls a specific build of Cure, in which the the CCD size, wavelength ranges, fiber size, and fiber separation are defined.
Each night a set of calibration data is taken at the HET for both LRS2 red and blue units. A facility calibration unit (FCU) feeds light to each spectrograph through one of two liquid light guides, optimized for either the red or the blue. This FCU mimics the focal plane of the telescope and feeds light for fiber flats (using a laser driven light source) and wavelength calibration (HgCd and FeAr arcs). A set of bias frames is also taken each night for calibration.
The QLP wrapper performs its basic reduction by first trimming and subtracting the overscan from each science and calibration frame. Cosmic ray rejection is performed via the L.A.Cosmic algorithm (van Dokkum 2001), and a master bias is created through the Cure routine, meanfits, which implements kappa sigma clipping. This master bias is subtracted from the flats, arcs, and science frames.
Each of the 4 CCDs in LRS2 have two amplifiers. First, the data from the two amplifiers are combined by multiplying each amp by its respective gain as recorded in the header. The arcs and flats are then normalized by their exposure times and combined through meanfits. The master flat and master arc images are then used to define the fiber traces and build the wavelength solutions. Flat fielding is not performed at this stage, but pixel-to-pixel variations are accounted for through weights which were derived while building the distortion solution. These weights are implemented in the sky subtraction and fiber extraction routines.
After the data from the 4 CCDs are combined, the Cure routine Deformer is called to locate the positions of the fibers in the images, build their profile perpendicular to the dispersion direction, and create their wavelength solutions. As with any IFU dataset, each fiber has a different curvature and profile in the image. Deformer uses the master trace, the master arc, and a list of arc lines to compute the traces and wavelength solution for each fiber via a series of seventh-order Chebychev polynomials. The curves translate (x, y) positions on the combined CCD to (w, f ) coordinates, where w represents the direction of constant wavelength, and f moves in the direction of the fiber.
